ABSTRACT: Ion mobility and mass spectrometry measurements are used to examine the gas-phase populations of [M +8H] 8+ ubiquitin ions formed upon electrospraying 20 different solutions from 100:0 to 5:95 water:methanol that are maintained at pH = 2.0. Over this range of solution conditions, mobility distributions for the +8 charge state show substantial variations. Here we develop a model that treats the combined measurements as one data set. By varying the relative abundances of a discrete set of conformation types, it is possible to represent distributions obtained from any solution. For solutions that favor the well-known A-state ubiquitin, it is possible to represent the gas-phase distributions with seven conformation types. Aqueous conditions that favor the native structure require four more structural types to represent the distribution. This analysis provides the first direct evidence for trace amounts of the A state under native conditions. The method of analysis presented here should help illuminate how solution populations evolve into new gas-phase structures as solvent is removed. Evidence for trace quantities of previously unknown states under native solution conditions may provide insight about the relationship of dynamics to protein function as well as misfolding and aggregation phenomena.
■ INTRODUCTION
While it is widely believed that proteins sample a wide range of structures as they fold and denature, characterization of many different forms has not been possible by use of traditional techniques, such as circular dichroism (CD), 1 Raman spectroscopy, 2 nuclear magnetic resonance (NMR), 3, 4 and crystallography. 5 This is because few conformers can be trapped, isolated, and stabilized for time periods that allow experimental determination of their structures. 6 One system that has attracted considerable attention is ubiquitin, a small, 76-residue cytoplasmic protein. 7, 8 NMR data show that the native state (N) exists in aqueous environments from pH ∼ 1.2 to 8.4. 9 The N state favors tightly packed three-dimensional configurations that incorporate α-and 3 10 -helices, a five-stranded β-sheet, and seven reverse turns, as illustrated in Figure 1 . 10 Dynamics studies show that on the nanosecond to microscecond time scale, the C-terminal tail of the protein can sample a wide range of geometries. 11 This, and other high-frequency motions, result in configurations that are similar to the 46 different crystal structures for ubiquitin bound to different substrates. 11 When dissolved in ∼40:60 water:methanol solutions (pH ∼ 2), a new state (A) is stabilized. 12, 13 Although its tertiary structure has not been determined directly, NMR and CD studies show that Astate ubiquitin retains some secondary structural features of the N state; however, substantial differences are also apparent. 12−17 For example, the N-terminal half of the A state persists as a networked β-sheet (as in the N state), whereas the C-terminal half of the protein undergoes a methanol-induced transition that leads to a more elongated structure with high α-helical propensity. 14 Figure 1 illustrates this secondary structure for a relatively extended rendering, similar to illustrations published previously. 14 A number of studies suggest that the A state may be a late-stage intermediate along the pathway from unfolded conformations to the native fold. 13,15,16,18−20 However, this state has never been directly measured from the aqueous native solution environment. At higher methanol compositions (and under other denaturing conditions) there is evidence for poorly defined unfolded structures, referred to collectively as the U state. 13, 21, 22 Figure 1 also shows a random-like structure that might resemble an unfolded state.
In this paper, we use ion mobility spectrometry (IMS) to examine the conformations of ubiquitin [M+8H] 8+ ions produced upon electrospraying 20 water:methanol solutions (from 100:0 to 5:95 water:methanol at pH = 2). Electrospray ionization (ESI) 23 allows populations of states that exist in solution to be transferred to the gas phase where they can be analyzed by a range of mass spectrometry (MS) techniques. 24−29 An issue that is attracting considerable attention is the degree to which in vacuo conformations might resemble distributions of structures that originated from solution. 30−37 One might assume that the process of electrospraying ions would be so disruptive that any resemblance of the ions to solution structures would be lost. 30 However, many studies provide evidence that this is not the case and to some extent information about solution states is transferred to the gas-phase ions. 31−37 Recently, Wyttenbach and Bowers provided evidence for the preservation of N-state ubiquitin conformations in the gas phase. 38 Below, we focus on characterizing how many different types of gas-phase structures are produced from a range of solution compositions that should favor the N, A, and U states. Our focus is to correlate populations that are present in solution to specific peaks that are observed in the gas-phase measurement. Previous studies show that the IMS distributions obtained from two different solutions are different. 39 We investigate [M  +8H] 8+ species because upon ESI the percentage of this ion (within the total distribution of different charge states) is nearly constant across all of these solution compositions (an average of 6 ± 2% of the total ion population). This allows us to examine the IMS distributions without complications that arise from variations in ion population due to changes in the charge state distribution. 40 Additionally, [M+8H] 8+ ions of ubiquitin are interesting because they appear to exist as a wide range of conformations in the gas phasefrom compact structures having experimental cross sections that are near the value that is calculated for NMR and crystallographic coordinates of the N state, to extended geometries that must retain very little tertiary structure. 41 Lower ubiquitin charge states (e.g., +7, and to a lesser extent +6) favor compact structures and are the most abundant charge states when electrosprayed from aqueous Nstate solution conditions; higher charge states (+10 to +13) adopt elongated conformations because these structures reduce the relatively large repulsive Coulombic interactions. 41, 42 ESI favors high charge states (e.g., +10 to +12) when ubiquitin is electrosprayed from non-native (high-methanol) solution conditions. The large range of geometries for the intermediate +8 charge state arises because of a delicate balance of repulsive interactions and attractive folding forces (e.g., hydrogen-and van der Waals-bonding interactions). 43 Thus, this charge state becomes a target for understanding the number of isolatable states for a relatively small model system. Below, we show that it is possible to model distributions of ions formed from all solutions by a single set of gas-phase structures. The only difference between the distributions from different solutions is the conformer populations. This model provides new insight about how populations that are present in solution evolve into gas-phase ions during the electrospray process. For example, we were surprised to find that trace amounts of the A state emerge as the +8 charge state upon electrospraying from native solution conditions.
■ EXPERIMENTAL SECTION
IMS-MS Methods. IMS measurements, 44−46 instrumentation, 47−57 and theory 44,58−61 are described in detail elsewhere. Only a brief description of the experimental setup as it pertains to the analysis presented below is given here. The instrument consists of an electrospray source, a drift tube, and a time-offlight (TOF) MS detector. The drift tube is 183 cm in length and is filled with ∼3.5 Torr of helium buffer gas (300 K). For the current experiments, protein solutions (ubiquitin, see below) are electrosprayed by a TriVersa NanoMate autosampler (Advion, Ithaca, NY). Ions are accumulated in an hourglass ion funnel 57 and periodically released into the drift tube. Ions traverse the drift tube under the influence of a 10 V·cm and mass-to-charge (m/z) information for all ions, as described previously. 50 It is worthwhile to note that, as the ions drift through the buffer gas, diffusion results in a diffuse ion packet. As described previously, 62 the drift tube incorporates ion funnel regions to focus these ions and improve transmission efficiency. We note that the field from the dc bias across the ion funnel is maintained sufficiently higher than the drift field in order to eliminate peak broadening associated with ion transmission in the ion funnel regions. 62 Determination of Experimental Collision Cross Sections. It is often useful to plot data on a collision cross section scale. We convert calibrated drift time distributions to crosssection distributions by using the following relation: 
Here, ze corresponds to the ion's charge, k b is Boltzmann's constant, m I is the mass of the ion, and m B is the mass of the buffer gas. The variables E and L are the electric field and the drift length, respectively. P and T correspond to the buffer gas pressure and temperature, respectively. N is the neutral number density of the buffer gas at STP. The need to calibrate data sets arises because of the nonlinear fields introduced in the ion funnel (overall this results in only small shifts in the drift time).
The calibration is performed as described previously using direct measurement of the drift time through a drift region that does not contain ion funnels. 63 Calculation of Theoretical Cross Sections for the Structures Shown in Figure 1 . Atomic coordinates for the N state were taken from Protein Data Bank (pdb file 1UBQ). 10 Coordinates for the ubiquitin A state were obtained by constructing the appropriate secondary structure using the Insight II molecular modeling software (Accelrys Inc.,. San Diego, CA). This rendering is similar to a model depicted previously.
14 The U-state coordinates correspond to a structure that has very little secondary or tertiary structure. We intended this conformation to be extended and constructed it by carrying out molecular dynamics simulations for the [M+13H] 13+ ion. The high Coulomb energy associated with this charge state forces ubiquitin to adopt highly unfolded geometries. Cross sections are calculated using the projection approximation, 64−66 exact hard-sphere scattering, 59 and trajectory methods 60 developed by M. F. Jarrold's group and available as the MOBCAL program. All cross sections reported here were obtained by the trajectory method. Sample Preparation. Lyophilized ubiquitin from bovine erythrocytes (≥98%, Sigma-Aldrich Co, St. Louis, MO) was used without further purification. Protein was dissolved in water:methanol mixtures to a final concentration of ∼1 mg·mL
. Twenty water and methanol solution compositions, ranging from 100:0 to 5:95 water:methanol (v:v, where the fraction of methanol was increased by 5% for each solution), were prepared. Formic acid was added to each solution to adjust the pH to 2.0 (direct measurement). Our previous studies have employed water:acetonitrile solutions. 41 However, because the A state has been characterized in water:methanol solutions by CD and NMR, 12, 14 we have selected this solvent system for the present studies. Data Analysis. The cross section distributions are modeled with a set of Gaussian functions by the Peak Analyzer tool in OriginPro 8.5.0 software (OriginLab Corporation, Northampton, MA). Here, the distribution of a single gas-phase conformation type is represented by a Gaussian function. The minimum number of gas-phase conformation types comprising the experimental cross section distribution is estimated by the minimum number of Gaussian functions necessary to represent the distributions arising from the analysis of the multiple protein solutions. Peak centers and widths have been varied iteratively to determine the best settings for modeling all 20 distributions of the ubiquitin [M+8H] 8+ ions; once the peak centers and widths have been established, only the peak heights are varied between data sets obtained under different solvent conditions. The residual sum of squares is calculated and used as a measure of the quality of the model. We note that peak fitting techniques have been used previously to determine the composition of ion drift time distributions providing an indication of the numbers and types of gas-phase conformations that are produced upon ionization.
67−69 The model described here is unique in that the same set of Gaussian functions (peak centers and peak widths) representing specific conformations are applied to all drift time distributions (i.e., those obtained upon electrospraying different solvent compositions). This allows the determination of conformation type abundance within each sample comprised of different solution compositions.
We also compare our experimental data to distributions that are calculated for transport of a pulse of ions corresponding to a single structure using the conditions of our drift tube. This distribution is calculated from eq 2 44
where dt p P(t p ) is the distribution function of the packet of ions entering the drift tube, v D is the drift velocity, C is a constant, r 0 is the radius of the drift tube entrance aperture, and D is the diffusion constant. The original distribution function is based on the ion pulse width (150 μs) used in the experiment. Under low-field conditions,
■ RESULTS AND DISCUSSION
Overview of Collision Cross Section Distributions for [M+8H]
8+ Ubiquitin Ions from Different Solutions. (corresponding to relatively compact conformers that are ∼6% smaller than the calculated value for the N state) and a broad distribution extending from ∼1040 to ∼1620 Å 2 . Two very small sharp peaks at relatively large cross section values of 1650 and 1680 Å 2 are also observed. These ions have cross sections that are ∼12−13% smaller than values calculated for the extended U-state coordinates; the peaks are within ∼1−2% of the A-state structure ( Figure 1) .
As the methanol concentration is increased, substantial changes in the cross section distributions are observed. The distribution obtained upon ESI of the 85:15 solution shows that the relative abundance of the sharp peak at 1020 Å 2 decreases and the broad feature appears to shift to lower cross sections as well as change in relative intensity. When the solution composition reaches 70:30, the peak at 1020 Å 2 has all but disappeared. This solution favors two broad features centered at ∼1150 and 1450 Å 2 and the two sharp peaks at 1650 and 1680 Å 2 . As the methanol content is increased further, slight shifts in the positions of the broad features are apparent.
Overall, at least some of the changes observed in our data set appear to be consistent with changes in structure known from solution studies. For example, under aqueous conditions we favor the relatively compact 1020 Å 2 peak. This peak disappears with increased methanol and new states are favored. Other peaks appear to be associated with structures that are favored from high methanol solutions. For example, the sharp features at 1650 and 1680 Å 2 are clearly apparent at 70:30 and higher methanol content. Additionally, two broad features are resolved as the fraction of water is decreased. These peaks appear to arise from the A-and U-state solution populations. We speculate that the sharp features at 1020, 1650, and 1680 Å 2 in the data sets correspond to conformations that are very similar to the solution structures determined for the N state (first feature) and the A state (latter two features).
Representing IMS Features as Gaussian Functions. The complete data set described above for the 20 solutions shows that there are gradual changes in the cross section distributions with variations in methanol percentage. This suggests that small changes in the populations of a fixed number of conformer types may account for the observed solvent-dependent cross section distributions. Here, we develop a model that allows us to describe the distributions obtained from all solutions. We begin by assuming that the measured distribution intensity (I) at each cross section (for all solutions) can be represented by a set of Gaussians, each having the form
where Ω 0 represents the center of the distribution of each conformation type, σ corresponds to the width of the distribution of states that are populated within each type, and A corresponds to the population of each conformation type. Initially, we do not know (1) the number of conformer types; (2) the mean cross section associated with each type; or (3) the width of the distribution associated with each conformer type. Progress in refining these variables for the entire data set is made by modeling the sharp peaks that are observed for specific solutions. For example, at the 100:0 extreme, we determine the position and width of the sharp peak Ω = 1020 ± 6 Å 2 . Comparison with the transport equation (eq 2) for ions drifting through our instrument indicates that this peak shape is very near what is anticipated for one or two conformations with defined cross sections. Similarly, the 5:95 solution allows us to define two Gaussians representing conformer types with Ω = 1650 ± 11 and Ω = 1680 ± 6 Å 2 . The latter peak is also similar to that expected from eq 2 for a distribution containing only a single structure. Other features in the data are represented by conformer types that require broader distributions (in some cases ∼15 different transport-limited structures would be needed to represent these broad features). Once specific features are determined, they can be subtracted from the data and an iterative process is used to define the number of states required to represent the distributions across all solution compositions. Figure 3 illustrates this process in more detail. If we include two additional broad peaks with positions and distribution widths that are obtained by examining data recorded from the 70:30 to 30:70 solutions, we find that many of the subtle features for other solution compositions are not described accurately. As an example, consider the ∼1050 to 1550 Å 2 region ( Figure 3A) . Five Gaussian conformer types allow us to pick up the sharp features in all solutions; additionally, the broad features in the 70:30 to 30:70 solutions are reasonably well represented. However, the 100:0 to 75:25 solutions are not well represented as a main portion of the ion population centered at ∼1350 Å 2 is missed. Figure 3 also shows the results obtained when five additional distributions are included (such that there are eight total Gaussian conformer types in our analysis). The model is much better ( Figure 3B ). However, the regions between 1050 and 1100 Å 2 are not well represented from more aqueous solutions. The region 1570−1630 Å 2 is poorly captured for data obtained from high methanol solutions. When eight additional Gaussian distributions are included (i.e., a total of 11 structural types), the model appears to capture all of the main features that are observed for every solution condition. Figure 3C shows this for the 11 chosen distributions.
More progress in assessing how many conformer types are required to best model all the data can be obtained by calculating the average residual sums of squares for models of all 20 distributions over the range of different numbers of Gaussians that are employed. The result of this analysis is shown in Figure 4 . This plot shows that substantial improvements in the ability to represent the complete data set are found as the number of Gaussians is increased to ∼10 or 11. Beyond this value, the improvement for each added Gaussian adds little to the accuracy of representing the entire data set. Table 1 lists a description of each Gaussian and its contribution to the distribution recorded for all 20 solutions that we obtain by assuming 11 conformer types are present. Relationship of the N, A, and U Solution States to Gas-Phase Conformer Types. It is interesting to consider the analytical implications of the analysis presented above. One way to do this is to plot the populations that are obtained upon modeling all solutions for the specific gas-phase conformer types that were found in the analysis above. We use the 11 conformer type model that is summarized in Table 1 . There is little ambiguity about the Ω = 1020 ± 6, Ω = 1650 ± 11, and Ω = 1680 ± 6 Å 2 distributions, since the sharp nature of these peaks (and their positions at extreme points in the distributions) allows them to be followed visually. Figure 5A shows that the Ω = 1020 Å 2 conformation type is most abundant from aqueous solutions. As the methanol content increases, the relative abundance of the gas-phase conformer type decreases, until it is no longer observable within our detection limits (for the 65:35 solution). This behavior indicates that this gas-phase conformer type arises from N states that were present in solution. We note that this is the most compact state that is observed for the +8 charge state. The sharp nature of the peak suggests that it was well-defined in solution and it emerges as well-defined structure in the gas phase. The cross section is slightly smaller than the 1090 Å 2 value calculated for the N structure in Figure 1 . Thus, the ion must have contracted slightly upon desolvation.
The plot of the percentage of the Ω = 1650 ± 11 and Ω = 1680 ± 6 Å 2 peaks shows a different profile ( Figure 5A ). These peaks are most abundant when the gas-phase conformer types are produced from 30:70 to 70:30 solutions. As the fraction of water in these solutions increases, the abundance of these features drops dramatically. This behavior is consistent with what we would anticipate for the A structure from solution. It is also remarkable that both cross sections are similar to the 1640 Å 2 value that we calculated for the A-state coordinates ( Figure  1 ). This suggests that an A state of this type may be transferred into the gas phase while retaining much of its solution structure. We note that there are many other gas-phase configurations that would have this cross section; however, the cross section value combined with the narrow peak width suggests that a direct correlation may exist.
It is interesting that both of these sharp peaks appear to arise from the solution A state. This could be interpreted several ways. It may be that there must be more than one A state in solution, and that we have resolved each of these states upon desolvation. Another interpretation is that the A state from solution splits into two peaks because of differences that arise during the ESI process. For example, slight differences in the locations of the charge sites may lead to differences in the structures of the gas-phase ions. With either interpretation, we (25) 1120 (41) 1160 (60) 1210 (34) 1290 (42) 1360 (47) 1450 (49) 1570 (28) 1650 (11) 1680 ( The solution phase state (N, A, or U) assigned to the respective gas-phase conformation type. were surprised to see the small peaks associated with the A states in the distribution of the 100:0 solution. This interpretation provides the first direct evidence that the A state is present in equilibrium with the N state, even in the 100:0 N-state solution. We also note that another explanation for the data is that the A state is formed during the ESI process.
Previous studies have shown that significant ion activation is required to induce structural transformations of compact ubiquitin ions to form more elongated conformers. 63 Mobility selections of features corresponding to different conformations within the [M+8H] 8+ distribution also do not provide evidence for structural transformations. This suggests that the A state conformation type observed under native conditions arises in solution rather than as a result of the ESI process. However, we cannot entirely rule out the latter explanation. That such a state was not detected by more conventional methods is consistent with the relatively low abundance of this peak. The +8 charge state comprises 6 ± 2% of the charge state distribution, and these two sharp features comprise only ∼0.5% of the crosssection distribution. This reveals another aspect of this analysis, showing that under favorable conditions this type of analysis can detect a very small fraction of ions emerging from solution; in this case, only 0.03% of the ions exist as the Ω = 1650 ± 11 and Ω = 1680 ± 6 Å 2 peaks. Here, the analysis is very sensitive because no other ions are found at such high cross sections (without the unfolding of [M+8H] 8+ ubiquitin ions by collisional activation).
39,41
While we are sensitive to very low abundance species (i.e., ≥0.03%), this value may not represent the actual percentage of A state in the native solution. By making similar plots for all 11 Gaussian representations of conformer types, we can begin to assess which other features show abundance profiles that are similar in appearance to those obtained for N and A peaks. If we plot the Ω = 1040 ± 25, Ω = 1120 ± 41, Ω = 1210 ± 34, Ω = 1290 ± 42, and Ω = 1360 ± 47 Å 2 peaks, we find that these decay as is expected for the N state ( Figure 5B ). This is fascinating behavior. In these cases, the cross sections and peak widths are different than what is expected from the single structure of Figure 1 , which depicts a very static representation of the N-state structure. We cannot resist noting that one interpretation that is consistent with these data is that there may be many types of structures that are present in solution (as observed on nanosecond to microsecond time scales by NMR). 11 In this interpretation, slight differences in wellfolded conformer types that exist in solution may be amplified as ions emerge from the solution. Another interesting interpretation is that a relatively well-defined set of structures from solution is perturbed by the ESI process and that these comprise the observed gas-phase distribution of structures this interpretation is similar to analyses that we have done previously, which show that ubiquitin may unfold when stored in a trap or injected at high energies into a drift tube. 41, 70 We note that Freitas' and Marshall's data showed evidence for two hydrogen/deuterium exchange rates for [M+8H] 8+ ubiquitin ions when trapped for as long as an hour. 71 Thus, from either interpretation provided above, once these ions are dehydrated and in the gas phase it does not appear that they are interconverting as if they are in equilibrium. We also note that the mobility distributions of a number of features that have been mobility selected from the original ion distribution using a technique described previously 72 show no evidence for structural transformations. Figure 5C shows a plot of all Gaussian-type ions that exhibit A-state behavior. The interpretations that were given for the multiple N-state ions can be extended to the A state. Figure 5D shows the singular gas-phase conformer type (Ω = 1160 ± 60 Å
2 ) that appears to display neither N-nor A-type behavior as the solution composition is varied. We suspect that this type of profile may correspond to what has been deemed Figure 5 . Plots of peak intensity as a function of solvent methanol percentage for different gas-phase conformation types. (A) Intensities for the three sharp conformer types having Ω = 1020 ± 6 (blue ▲), Ω = 1650 ± 11 (green ○), and Ω = 1680 ± 6 Å 2 (green ■ ). The most compact feature has been assigned to the N state and the more elongated features have been assigned to the A state. (B, C, D) Intensities for the gas-phase conformers that are assigned to the solution states of ubiquitin, N, A, and U, respectively. The labels N1− N6, A1−A4, and U correspond to the assignments in Table 1 . N1 1020 ± 6 Å 2 (blue ▲), N2 1040
Intensity multiplication factors are listed for specific conformer types. (E) Sum of the intensities for different gas-phase conformation types that are assigned to the N, A and U states of ubiquitin. Conformer types that are assigned to the N, A, and U states of ubiquitin are plotted in blue, green, and pink, respectively. U-state ubiquitin. 13, 21, 22 It is interesting that the cross section is much smaller than the calculated value of 1900 Å 2 for the Utype structure from Figure 1 . We anticipate that unfolded structures that emerge from solution might collapse as solvent is removed. It is also interesting that this peak is broad. This would be consistent with a large distribution of different unfolded structures emerging from solution (or the formation of new states in the gas phase).
Finally, once the solution state is defined from these profiles, it is possible to estimate the fraction of N, A, and U states that contribute to the +8 charge state. The sum of populations for Gaussians that show similar changes with variations in solution is shown in Figure 5E . This plot illustrates that the N state dominates for aqueous solutions, and only the N and A states contribute to the distribution of 100:0 to 90:10 solutions. The methanol-induced transition leads to a large abundance of Astate ubiquitin at a solution composition of ∼75: 25 distribution are minimized to ∼10% of the distribution when methanol comprises more than 40% of the solution.
■ SUMMARY AND CONCLUSIONS
The collision cross section distributions of [M+8H] 8+ ubiquitin ions obtained by electrospraying different water:methanol solutions (pH maintained at 2.0 with formic acid) have been reported. These distributions change gradually with increased percentage of methanol in the solvent. A new method that employs Gaussian functions to model the data has been used to determine the minimum number of gas-phase conformation types formed upon electrospraying the 20 different solutions. The minimum number of Gaussian distributions required to represent the data set is determined to be ∼11. Examination of the intensities of the conformation types as a function of solution composition suggests that it is possible to correlate the N, A, and U solution structures to the gas-phase conformer types that are observed upon dehydration.
This analysis provides the first direct evidence that the A state exists in trace amounts, even in aqueous solutions that favor the native protein. The sigmoidal shapes of the methanolinduced changes in relative populations are a reflection of the cooperative nature of the transitions between these states. Thus, in aqueous solutions, the N and A states exist in an equilibrium that strongly favors the N state. The ability to detect small non-native populations from native solution may provide new insight into the important roles of protein dynamics in establishing function. 73−76 Especially relevant may be the contribution of previously unknown populations to misfolding and aggregation phenomena. 77, 78 ■ ASSOCIATED CONTENT * S Supporting Information Mass spectra of ubiquitin ions electrosprayed from six different water:methanol solutions and collision cross section distributions for [M+8H] 8+ ubiquitin ions electrosprayed from 20 water:methanol solutions. This material is available free of charge via the Internet at http://pubs.acs.org.
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